I. INTRODUCTION
In the context of the monolithic integration of photonics on silicon, quasi-lattice-matched GaP (III-V semiconductor) epitaxially grown on Si has been proposed to overcome the well-known issue of the lattice mismatch, inherent to the growth of most III-V materials onto silicon substrates. [1] [2] [3] [4] [5] [6] This opens the route for the coherent growth of a direct bandgap material on GaP-Si pseudo-substrates, using, for instance, diluted-nitrides GaPN-based materials. These materials are known to develop suitable optical properties [7] [8] [9] which will enable the elaboration of III-V laser diodes onto silicon, being a highly rewarding route to the fabrication of chip-to-chip and on-chip interconnects. Up to now, the GaAsPN materials system has reached the best performances for laser devices development on silicon, even if the effect of nitrogen on device properties and carrier life-time has not been clarified yet. 10 Such heterostructure development is also driven by the elaboration of high performance multijunction solar cells onto the low-cost Si substrate. 11 Long-term stable device performance implies reproducible achievement of defect-free interfaces between the III-V material and the Si substrate. Beyond the well-known related lattice mismatch defects (dislocations), other types of defects can be generated at the GaP/Si interface: among them antiphase domains (APD), which may develop in the case of polar on a non-polar crystal growth, 1 and microtwins (MT) are quite difficult to avoid. 12 Their density and their emergence at the GaP surface must be avoided for the subsequent growth of any active area as photoluminescence (PL) properties (carrier life-time) are directly linked to the defects density. 13 Therefore, reliable structural analyses techniques have been used in recent years in order to address the issue of the defect density lowering in the GaP/ Si material system, in order to elaborate the GaP/Si pseudosubstrates suitable for the subsequent growth of laser, or solar cell, heterostructure. For instance, an in situ monitoring technique of the APD detection has been developed using reflectance anisotropy spectroscopy 14, 15 while transmission electron microscopy (TEM) has more often been used for ex situ analysis of APD and other typical defects (see for instance Refs. 16, 17, and references therein). However, TEM requires sample preparation and a TEM image is less statistically representative.
Therefore, the present paper describes a study of the structural properties of thin GaP layers epitaxially grown onto Si(0 0 1) substrates, as a first route toward the elaboration of GaP/Si pseudo-substrates. X-ray diffraction (XRD) is presented as a suitable tool for fast, robust, and nondestructive techniques complementary to TEM analyses. To this end, XRD analyses laboratory set-up tools are proposed to provide rapid feedback for growth condition optimization toward the elimination of emerging defects such as antiphase domains, detrimental for the obtaining of a defect-free GaP surface suitable for the subsequent growth of a heterostructure. Moreover, deeper XRD analyses performed on both a laboratory setup and on synchrotron, combined with TEM, AFM, and time-resolved optical characterization performed on GaAsPN QWs very near the GaP/Si interface, are shown to produce a breadth of complementary information on the a)
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II. EXPERIMENTS A. Samples growth
The 20 nm GaP layers have been grown by MBE using migration enhanced epitaxy (MEE) which consists in alternated growth of Ga and P atomic layers and aims to limit the density of planar defects originating from island-like nucleation. 9, 18 The growth is performed on a (0 0 1) misoriented Si (4 -off toward [1 1 0]) suitable for APD density limitation 9, 19, 20 after a chemical (modified RCA) cleaning process and thermal (10 min at 900 C) treatment of the Si surface. Three samples have been elaborated for the study of defects originated from the GaP/Si interface. The growth temperature (Tg) of the first 2 samples was set to 450 C. The second sample was annealed 10 min at 600 C after growth. We call from now on the samples S450 and S450a, respectively, for the samples grown at 450 C without and with post annealing. For the third sample (S350), the Tg was set at 350 C without post growth annealing. The GaP/Si is further used as a virtual substrate for the subsequent growth of active layers. A double GaAsPN/GaPN quantum well has been grown on this virtual substrate for the study of optical properties. 21 The active area is located at 160 nm away from the GaP/Si interface.
B. Temperature dependent and time-resolved photoluminescence
PL experiments were carried-out exciting the samples with a 405 nm continuous wave laser diode. The power density is roughly estimated to 80 W cm
À2
. The samples were set in a Helium bath closed cycle cryostat to study PL from 10 K to room temperature (RT). For time resolved PL, the sample was excited at 405 nm by a frequency doubled Ti:Sapphire with a repetition rate of 80 MHz and the power density is estimated to 4000 W cm
. The luminescence was detected by a synchroscan Hamamastu streak camera with an overall time resolution of 8 ps and the measurements were performed at different temperatures.
C. X-ray diffraction experiments
Lab setup
XRD has been performed on the three samples (S450, S450a, S350) using the laboratory setup working at a wavelength of 0.15406 nm (Cu Ka 1 ). The resolution function allows a good separation of the layer from the substrate contributions and the identification of short range correlation features up to about 300 nm on the (0 0 4) in the lateral direction (here parallel to [1 1 0] ). XRD shows a highly coherent growth for the 3 samples (low plastic relaxation). A linear detector with 188 channels has been used. Placed 270 mm away from the sample it allows detection width of 3 in 2h. This enables much faster reciprocal space map (RSM) measurements than with a traditional point detector.
Synchrotron XRD (ESRF)
Synchrotron XRD has been also employed in grazing incidence condition to enhance the contribution of the GaP layer. The experiment has been performed at 10 keV, which allows to avoid Ga fluorescence above K edge at 10.36 keV. This energy corresponds to a wavelength of 0.123984 nm. The incident angle has been fixed to 0.2 . The beam size was 0.5 Â 0.5 mm 2 at the goniometer center. 2 slit sets are placed on the detection arm, near the sample and 810 mm away. The slit opening was 1 Â 1 mm 2 .
D. Transmission electron microscopy experiments
TEM has also been performed in plan-view and cross section geometries ([1 À1 0] zone axis) on the S350 and a different sample prepared in the same conditions than for the S350 with the addition of a GaAsP super lattice on top of the GaP thin layer. Thin plates have been prepared for these two samples by mechanical polishing and ion thinning. The experiment has been performed on a Philips CM30 in high resolution and conventional modes, with an acceleration voltage of 300 kV.
III. RESULTS AND DISCUSSION
A. Pseudomorphic growth of GaP/Si GaP peak shape is typical of a thin epitaxial layer coherently grown on vicinal Si substrate. 4 Fig . 2 shows the high resolution transmission electron microscopy (HRTEM) image of the GaP/Si interface. On this image, the GaP/Si interface is shown to be coherent with, however, an interfacial dislocation (ED) on the right of the image. A large step bunching is also observed with a height difference of about 4 nm which is much higher than the targeted 2 Si monolayer step height. This huge step bunching is probably due to an unoptimized chemical and thermal preparation of the surface with the presence of impurities.
B. Optical properties of the (GaAsPN/GaPN)/GaP/ Si(001) QWs Fig. 3 shows the continuous wave PL spectra measured at 17 K and 106 K on GaAsPN/GaPN/Si QWs (black solid line and blue dashed line, respectively). The peak at higher energy is the signal of GaPN barrier, and the other is the GaAsPN QW peak. Despite the GaP/Si interface proximity and its related defects, a clear PL signal of GaAsPN QW is detected up to 300 K with a wavelength of 780 nm (1.58 eV), as presented in Fig. 3 inset. Now looking at the timeresolved PL properties (see Fig. 4) , the luminescence decay clearly shows a non-single exponential behaviour which is typical in disordered systems such as diluted nitride alloys. 22 Nevertheless, the curves can be satisfactorily described by a double exponential fit. At 10 K, the decay times are 140 ps and 1250 ps. At 300 K, these times are dramatically shortened to 30 ps and 180 ps, respectively. Given the room temperature PL intensity and the time-resolved PL results, and given the vicinity of the GaP/Si interface, the optical emission is likely due to efficient carrier injection in welllocalised radiative centres at low temperature. Theses centres are separated by structural defects (non-radiative centers), thermally activated at higher temperature. This demonstrates the optical limitation of the structure (coming from the GaP/ Si originating defects), but information is, however, lacking for any improvement of the GaP/Si growth. We have therefore developed a reliable method to characterize defects, using XRD-based technique.
C. Antiphase domains analysis
Principle
APD characterization using XRD has been long ago presented (see also Ref. 17 for a review) and has been also applied in thin films for AlGaN on sapphire, 23 GaAs on Si, 24 and GaP on Si. 25, 26 The idea is that weak "antiphase" reflections (APR) act as APD sensors. Indeed Ga and P scatter in antiphase around weak reflections and in phase around strong reflections (SR). Ga and P positions are just exchanged in an APD when compared to the surrounding main phase matrix. 27 The APD does not break the lateral long range order given by epitaxy but gives a broad peak around antiphase reflections with a weaker peak maximum intensity. The broad peak profile is the characteristic of the APD width. This result can be explained by simple considerations on form and structure factors. When looking at scattered amplitude and intensity around Bragg reflections, all structure and 2012) form factors can be considered as real and can be added simply. Then, in the vicinity of a strong reflection ((0 0 4) for instance), the scattered amplitude is roughly proportional to A Total ðSÞ % ðF MP ðSÞ þ F APD ðSÞÞ Á F SR ðSÞ:
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We call F Total ðSÞ the form factor of the whole layer (main phase and APD) and F APD ðSÞ and F MP ðSÞ are, respectively, the APD and main phase form factors. The zinc-blend cell structure factor on strong reflections is F SR ðSÞ ¼ 4:ðf Ga ðSÞ þ f P ðSÞÞ and the factor 4 is simplified to 1 hereafter.
Equation (1) 
Finally, from these equations, the scattered intensity around strong reflections is proportional to
and around weak reflections, it is proportional to
The dependence with S is omitted for concision in the last equation. These two equations (4) and (5) help to understand the following features: (1) APD brightly appears on APR with a factor 4 enhancement when compared to the contribution of a void of the same shape (4F 2 APD term in Eq. (5); (2) APD contribution remains hidden on SR; (3) the long range lateral coherence (thin peak) remains even on APR (when APD density is not too large) with the term F 2 Total . These features can be also illustrated by a simple simulation. In this simulation, a single APD with APB lying on the (1 1 0) planes, has been inserted in a GaP layer as presented in the Fig. 5(a) ) (left hand side). The intensity is calculated by using the Fourier transform of the whole structure. The scattered intensity simulation on transverse scans through (0 0 2) and (0 0 4) GaP reflections, along the 
XRD lab setup
Transverse scans are extracted from RSM on (0 0 2), (0 0 4), and (0 0 6) reflections and presented on Fig. 5(b) ) for the sample S450a. For (0 0 2) and (0 0 4), a very sharp contribution is observed. Its breadth is limited by the instrumental resolution. A broad contribution is also observed and is enhanced for the samples S450a and S350 on weak reflections ((0 0 2) and (0 0 6)). This enhancement is interpreted as an increasing contribution of APD. 24, 26 The enhancement of the APD contribution with the annealing is then interpreted in term of antiphase boundary instability.
For the sample S350, the lower Tg (350 C) ensured a lower surface roughness as compared to Tg ¼ 450 C (RMS measured from AFM images are, respectively, 1.2 nm and 2.6 nm) with, however, an APD contribution comparable to the annealed sample grown at 450 C. In a thorough analysis, the line profiles are fitted using a double component Pseudovoigt function in order to evaluate both the broad and thin contributions. Two main parameters are extracted from this and are reported in the Table I : (1) the quality factor (QF) which is the ratio of integrated intensity of the thin versus the broad contribution; (2) the integral 28 which is a variant of the Williamson-Hall plot method has been applied to these transverse scans. [29] [30] [31] This allows the separation of short range correlation length from micromosaicity in the broadening. Moreover, when QFs are much smaller on APR than on SR reflections, we can treat them separately and different correlation lengths can be given as shown in Table I .
Synchrotron XRD
Synchrotron XRD analysis has been performed on the sample S350. The H K L coordinates refer to the silicon substrate primitive cubic lattice. Table I ). A longer correlation length is found along [1 À1 0]. Fig. 7 presents dark field TEM images. Fig. 7(a) shows a plan view, selecting the (À2 0 0) reflection. In dark field imaging mode and for this layer thickness, dark lines correspond to APB. A high number of APB can be observed as thin dark lines in the picture. This suggests that most of these boundaries are parallel to the electron beam. Moreover, a preferential orientation of these dark line can be noticed along [1 1 0] and [1 À1 0] directions. We can also notice shorter ABP to APB distances along [1 1 0] than along [1 À1 0] . Fig. 7(b) presents a [1 À1 0] zone axis cross-section dark field X-TEM image selecting the (1 1 1) reflection, which allows to detect APD in some particular excitation conditions. 17 Variations of contrasts associated to APD are effectively observed, with boundaries oriented close to (1 1 0) planes. These two dark field pictures confirm and complete what has been observed previously in synchrotron XRD measurements which concluded for the sample (S350) to the presence of high density APD with correlation lengths of the order of 11 nm along [1 1 0] and 17 nm along [1 À1 0] . This picture (Fig. 7(b) ) also highlights the fact that most of these planar defects reach the active area, constituted here by the GaAsP QWs, which is detrimental for optical properties and may explain the evolution of time-resolved PL in part 2. Finally, the surface roughness of the sample seems to be correlated to the emerging anti-phase boundaries. This observation seems to confirm the modification of the growth equilibrium proposed in our recent work. 27 On this image, we can also observe others planar defects lying in the (1 1 1) planes such as MT and stacking fault (SF) (indicated by the arrows). The analysis of these defects will be reported in the following paragraph. (Fig. 8(a) ) is called hereafter "transverse" The transverse RSM ( Fig. 8(a) ) shows the presence of two streaks along [1 1 À1] and [1 1 1] directions, while the longitudinal RSM (Fig. 8(b) A complementary scan has been performed passing through GaP (À2 À2 2) reflection centre along the [1 1 1] direction and shown on Fig. 9(a) . Two additional peaks with lower intensities and very broad breadths are observed and can be attributed to extended planar MT. Hiruma et al. 32 have indeed characterized MT in InAs and GaAs whiskers grown on GaAs substrate by TEM. The TEM diffraction pattern showed new set of points, related by a 180 rotation to the main phase GaP reflections, with a [1 1 1] type rotation axis. Here, the two supplementary peaks observed in Fig. 9 (a) correspond to one of the four possible MT variants. We call it the (1 1 À1) variant because the MT boundaries are lying on (1 1 À1) planes. The rotation axis lies along the [1 1 À1] direction. The corresponding situation in reciprocal space is also given in Fig. 9 (b) for this variant, and some of new MT reflections are reported. Coming back to the scan through MT reflections ( Fig. 9(a) (Fig. b) indicates the path of the scan shown on Fig. 9(a) . . This point will be developed in a forthcoming paper. Figure 10 (a) shows a HRTEM image which evidences the presence of several adjacent MT in the GaP layer and most of them are originated from the GaP/Si interface. MT present a lateral dimension of a few atomic planes, this is in very good agreement with correlation lengths of the order of 2 nm extracted from the synchrotron XRD study. A single SF or a very thin (1 1 1) MT is also observed. 12 A geometrical phase analysis 33 of the (1 1 1) GaP crystal planes allows to detect a phase shift of about 2p/3 across the observed defect ( Fig. 10(b) ); it corresponds to 1/3 of the Zinc-Blend cubic lattice cell length, as expected for a SF.
TEM analysis

D. Micro-twins and stacking faults analysis
IV. CONCLUSIONS
This study shows both quantitative and qualitative analyses of structural defects, which are antiphase domains, stacking faults, and micro-twins, in lattice-matched GaPbased heterostructures thin layers coherently grown onto silicon substrates, by using a reliable technique based on the combination of XRD, AFM, TEM, and tr-PL. The correlation between the optical properties of GaAsPN/Si QWs and the structural defects initiated at the GaP/Si interface is also reported. As expected, these defects are highly dependent on growth conditions. By decreasing the growth temperature, the surface roughness has been lowered but the structural defects density remains too high for subsequent photonic applications. These defects are probably related to the presence of impurities at the Si surface. Therefore, forthcoming experiments will be performed to analyse the GaP/Si growth using a silicon buffer layer in order to obtain a higher Si surface quality prior the GaP growth which should allow the growth of high structural quality GaP. HRTEM image (a) shows the MTs and SF defects originating from the GaP/Si interface. Using geometrical phase analysis, the phase shift of the (1 1 1) planes has been determined in the rectangle and its profile perpendicularly to the defect is reported in Fig. 10(b) . The phase shift of about 2Pi/3 radians across the defect is a SF signature.
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